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Abstract Rhabdomyosarcoma (RMS) is a mesenchymal malignancy phenocopying muscle
and is among the leading causes of death from childhood cancer. Metastatic alveolar rhab-
domyosarcoma is the most aggressive subtype with an 8% 5-yr disease-free survival rate
when a chromosomal fusion is present and a 29% 5-yr disease-free survival rate when
negative for a fusion event. The underlying biology of PAX-fusion-negative alveolar rhabdo-
myosarcoma remains largely unexplored and is exceedingly rare in Li-Fraumeni syndrome
patients. Here, we present the case of an 11-yr-old male with fusion-negative alveolar
rhabdomyosarcoma studied at end of life with a comprehensive functional genomics
characterization, resulting in identification of potential therapeutic targets for broader
investigation.

[Supplemental material is available for this article.]

INTRODUCTION

Rhabdomyosarcoma (RMS) is the most common soft-tissue sarcoma occurring in children
with two major subtypes, embryonal and alveolar (Rudzinski et al. 2017). Embryonal rhabdo-
myosarcoma (ERMS) tends to have a more favorable prognosis and is mainly seen in the or-
bit, head, neck, and retroperitoneum (Rudzinski et al. 2017). Alveolar rhabdomyosarcoma
(ARMS), on the other hand, has a less favorable prognosis and often involves the trunk
and extremities (Rudzinski et al. 2017). Although PAX3:FOXO1 or PAX7:FOXO1 chimeric on-
cogenes are found in the majority of ARMS cases, 15% of rhabdomyosarcomas with available
fusion data are negative for FOXO1 rearrangement (Rudzinski et al. 2017). These cases are
prognostically similar to embryonal rhabdomyosarcoma, which dictates their risk-based
treatment (Rudzinski et al. 2017). In general, fusion status serves as a better predictor of prog-
nosis than histology (Rudzinski et al. 2017). The 5-yr event-free survival (EFS) for fusion-neg-
ative ARMS is 29% (Rudzinski et al. 2017). Despite advancements in uncovering the clinical
and mutational profiles of the myriad RMS subtypes, such as recurrent TP53 tumor suppres-
sor gene loss of function in PAX fusion-negative (PFN) RMS, survival rates have not seen sim-
ilar significant improvement (Breneman et al. 2003; Williams et al. 2004; Davis and Keller
2012; Malempati and Hawkins 2012; Rudzinski et al. 2017).

Several predisposition syndromes such as neurofibromatosis, Costello syndrome,
and Li-Fraumeni syndrome have been linked to sarcomas (Farid and Ngeow 2016).
Li—-Fraumeni syndrome (LFS) is an autosomal dominant disorder commonly characterized
by heterozygous germline mutations in TP53. LFS predisposes patients to a wide range of
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malignancies, including sarcomas, which account for 25%-35% of all LFS-associated tumors
and 1%-10% of RMS (Olivier et al. 2003; Gonzalez et al. 2009; Palmero et al. 2010;
Ognjanovic et al. 2012). Data suggest that overall survival outcomes were improved with ear-
ly detection of tumors through surveillance of patients with TP53 mutations (Ballinger et al.
2015). However, detection of LFS can be challenging for clinicians. Presentation of clinical
characteristics, surveillance strategies, and therapeutic interventions can all differ between
patients given the wide range of malignancies associated with LFS. Most TP53 mutations as-
sociated with LFS are missense mutations, which may or may not significantly affect protein
function (Olivier et al. 2003). The ambiguity of classifying these mutations as benign or del-
eterious can make clinicians reluctant to diagnose patients with LFS given the psychological
ramifications that can come with diagnosis and active surveillance thereafter. The
International Agency for Research on Cancer (IARC) TP53 Database has compiled TP53 mu-
tations reported in published literature and can be used for further risk assessment (Hainaut
et al. 1997). In the context of rhabdomyosarcoma, TP53 mutations have been associated
with increased risk of second neoplastic malignancy (Pondrom et al. 2020) and associated
with worsened overall survival (Casey et al. 2020), suggesting TP53 plays an important
role in clinical progression and TP53 status should be investigated in the course of clinical
decision making.

Advanced stage or metastatic patients often receive intensified treatments, which histor-
ically show a 3%—4% mortality rate from treatment-related toxicities (Crist et al. 2001).
Molecularly targeted therapies provide a promising approach for treatment of RMS patients
as these therapies have the potential to reduce drug-induced toxicities compared to tradi-
tional chemotherapies. Here, we present a case of an 11-yr-old male with fusion-negative
ARMS who underwent standard of care followed by exhaustive precision medicine ap-
proaches to his progressive disease and a functional genomics characterization at end of
life. Drug screening in conjunction with genetic analysis has provided insight to the biolog-
ical status of the index case and potentially promising drug candidates for future preclinical
and clinical studies.

RESULTS

Clinical Presentation

An 11-yr-old Caucasian male presented with a tender left upper arm mass. No recent injury
was noted, but the patient had a history of prior supracondylar fracture of the distal humerus.
Approximately 3 wk later, a magnetic resonance imaging (MRI) of the humerus revealed a
lesion within the left upper arm measuring ~2.6 x 2 cm in the axial plane and ~3.5 cm in
the craniocaudal dimension within the triceps region of the left upper arm, possibly arising
from the medial head of the triceps, with edema and enhancement down to the attachment
of the mid-humeral shaft (Fig. 1). The differential diagnosis included soft-tissue fibroma, myx-
omatous tumor, or neuromuscular mass. Soft-tissue sarcoma was not excluded. Two weeks
after presentation, a follow-up X ray of the upper arm mass found that the humerus appeared
to be normal without focal bony abnormality, cortical disruption, or periostitis (Supplemental
Figs. 1 and 2). Prominent soft tissue was found along the medial aspect of the distal portion
of the upper arm corresponding in location to the known mass. The mass was also slightly
seen dorsally on the internally rotated view. No calcifications or ossifications were identified
in the soft tissues.

Four weeks after presentation, the mass had grown dramatically in size with increased
pain. A biopsy of the primary left upper, posterior arm mass revealed a small round blue
cell malignancy (Fig. 2). Histology was described as a poorly differentiated malignant neo-
plasm arranged in loosely cohesive sheets of primitive round to polygonal cells with
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Figure 1. Orthopedic MRI of the humerus. An ovoid lesion (red asterisk) was found within the triceps region of
the left upper arm utilizing a 1.5-Tesla magnet with the following sequences: axial T turbo spin echo (TSE) with
fat saturation, axial T, TSE pulse, axial T combination, and axial Ty TSE after 4.6 mL of gadolinium (+C) (from
top to bottom, left). The following sequences were also obtained: coronal Ty TSE + C with fat saturation, co-
ronal T4 TSE with fat saturation, coronal short-Tl inversion recovery (STIR) combination, and sagittal T4 TSE+C
with fat saturation (from top to bottom, right). The lesion measured ~2.6 x 2 cm in the axial plane and ~3.5 cm
in the craniocaudal dimension (top, left and top, right). The lesion demonstrated T; hypointensity and hetero-
geneous, but T, hyperintensity without significant fat saturation. Within the ovoid region, there are two punc-
tate foci of STIR hypointensity (29/19) and T, hypointensity.
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Figure 2. Histology slides from alveolar rhabdomyosarcoma case. Hematoxylin and eosin (H&E) staining of
the left forearm (A), right lower lobe of the lung (B), pleural fluid (C) showing a metastatic small round blue
cell malignancy, 200x magnification of right lower lobe of the lung (D), 400x magnification of right lower
lobe of the lung (E), and 200x magnification of myogenin staining (F). Scale bars, 300 pM.

interruptions by few fibrous septa and scattered large vessels. Desmin was reported to be
diffusively positive, tumor cell myogenin was positive (~60%), and cytokeratin was found
negative. PTEN, BAF47 (INI1/SMARCB1), and BRG1 (SMARCAA4) were positive. Focal areas
of lower cellular cohesion created a vague papillary appearance. The individual tumor cells
were reported to be pleomorphic, ranging from intermediate to large. The majority of cells
had scant cytoplasm; however, rare cells had a moderate amount of densely eosinophilic cy-
toplasm with possible cross-striations (rhabdomyoblasts). Multiple scattered multinucleated
giant cells were present which also contained deeply eosinophilic cytoplasm. Random cells
had enlarged hyperchromatic and anaplastic nuclei. Numerous apoptoses and mitoses were
seen. Rare, atypical mitotic figures were noted. The patient was diagnosed with a malignant
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neoplasm of connective and other soft tissue of the upper limb, including shoulder. Tumor
morphology suggested an ARMS tumor. However, fluorescence in situ hybridization (FISH)
studies were negative for the classic FOXOT1 t(2,13) or t(1:13) rearrangements and did not
support a diagnosis of ARMS. Bilateral bone marrow biopsies were performed, and were
negative for small round blue cell morphology.

Five days after the biopsy, a follow-up postresection multiplanar multisequential MRI
scan of the left humerus was performed with and without intravenous contrast. The MRI re-
vealed a heterogeneous mass much larger than the previous scan, measuring 5.2 x 6 x 16.8
cm (AP x TR x CC). At the more inferior aspect of the mass, a central area of low signal inten-
sity was found on the T1 weight sequence with peripheral rim enhancement measuring 8 x
2.4 cm that might represent a central cystic component (possibly representing central necro-
sis or fluid collection given the recent surgery). The mass abutted the ulnar neurovascular
bundle. Nonspecific, small left axillary lymph nodes were noted. Staging investigations
through a chest computed tomography (CT) scan revealed no lung metastasis.

Twelve days after diagnosis, the lymph nodes were biopsied and sent for histological
analysis. The patient was found to have a metastatic neoplasm consistent with rhabdomyo-
sarcoma in 4 out of 31 lymph nodes. The patient was classified as having stage lll, interme-
diate risk group Il RMS, N1, MO according to the Children’s Oncology Group (COG)
protocol. The patient began treatment with protocol ARST0531 consisting of 42 wk of vin-
cristine, adriamycin, cyclophosphamide (VAC) and alternating with vincristine and irinotecan
(VI). Radiation was started 6 wk after diagnosis and given for a month and a half for local con-
trol (5040 cQGy in 28fx at 180cGy/fx using 3DCRT). Complications of treatment included
mucositis, Clostridioides difficile infection, headache, and exacerbated neuropathy.

Sixteen months after diagnosis (6 mo after chemotherapy was completed), chest CT
showed new lung masses, raising concerns of metastatic recurrence. No arm pain was noted.
On the positron emission tomography (PET)-CT scan, the fluorine-18-deoxyglucose (FDG)
signal in the right lower lung lobe mass was most consistent with progressive metastatic dis-
ease. A new left lower lung lobe nodule further raised concern of metastatic disease, despite
lack of discernable FDG activity in the left lower lobe. Lobectomy of the right lower lobe re-
vealed a small round blue cell tumor, consistent with metastatic rhabdomyosarcoma (1.6 cm)
with vascular invasion and positive bronchovascular margin. Clear margins were not ob-
tained. The patient was diagnosed with relapsed stage IV ARMS.

Eighteen and a half months after diagnosis (two and a half months after relapse), the pa-
tient began reinduction chemotherapy with vinorelbine, cyclophosphamide, and temsiroli-
mus (ARST-0921). Independent of ARST-0921, the patient also supplemented with
glutamine and vitamin B, as well as CBD/THC to control pain and anxiety. There was no
overlap in supplement regimens. Three months after starting reinduction chemotherapy,
the patient completed 28 d of radiation to the right lung. Relapse treatment was given
over a period of 7.5 mo. At the end of relapse treatment, a full body MRI and local CT showed
stable disease. Possible nodules in the left lung and a mass in the lower left forearm were
noted.

Two months after completing relapse treatment (28 mo after initial diagnosis), the patient
enrolledin clinical trial ADVL1515 and started treatment with prexasertib, a CHEK1 inhibitor.
Radiographic scans one month after enrollmentin ADVL1515 showed new cancerous growth
in the arms and lungs. Prexasertib treatment was stopped and the patient enrolled in clinical
trial ADVL1312 and began treatment with MK-1775, a WEE1 inhibitor. After one month of
MK-1775 treatment, radiographic scans showed continued progression, and therapy was
stopped. The patient had also enrolled in the Pediatric MATCH trial (APEC1621), but no tar-
getable mutations were found from genomic sequencing.

Thirty months after initial diagnosis the patient began daily oral pazopanib, a 5-d course
of temozolomide, and radiotherapy to the left forearm and lungs for local control. A biopsy
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was performed for clinical trial eligibility determination and development of a patient-de-
rived xenograft at Champions Oncology. One month later (31 mo after initial diagnosis)
the patient was determined to be eligible for clinical trial NCT-02162732, a genomically
guided therapy trial for children with cancer. The patient began treatment with vorinostat
and palbociclib and supplemented with myrrh oil. The patient was also treated with weekly
thoracentesis.

Two weeks later, the patient presented to the ER with shortness of breath and chest pain.
The necrotic tumor in the left arm was opened and debrided and the patient received i.v.
clindamycin. A drain was placed for the patient’s malignant pleural effusion with loculation.
Aweek later (32 mo after initial diagnosis), the patient reported a moderate increase in symp-
toms attributed to his disease over a 24-h period. Doppler ultrasound showed acute occlu-
sive venous thrombosis involving the right internal jugular vein, right subclavian vein, right
axillary vein, and right cephalic vein, with additional nonocclusive thrombus in the right
basilic vein (superior vena cava syndrome syndrome). CT chest scans showed near complete
opacification of the right hemithorax (presumed malignant), extensive thrombosis, and an
increased left lower lobe lesion measuring 3.9 cm. Pulmonary fluid increased with drainage
reaching ~1.5 L/day, and the patient required increased support and spent more time on a
bilevel positive airway pressure (BiPAP) machine. Medical treatment was not felt to be a vi-
able option given the patient’s significant bleeding risk. Vorinostat and palbociclib, as well as
supportive care, were discontinued by parental request. The patient was taken off BiPAP
and passed away at the age of 14, ~33 mo after initial diagnosis. The discharge diagnosis
was progressive hypoxic respiratory failure, malignant pleural effusion, and relapsed
rhabdomyosarcoma.

Genomic Analysis

Cytogenetics revealed 46,XY[20], normal male karyotype. Previous testing by OncoPlex
identified a TP53 p.V172F (Tier 2A) mutation with associated loss of heterozygosity, suggest-
ing that both copies of the gene are expected to be inactivated in the tumor tissue. FGFR1
amplification (Tier 2A/4A, log, tumor/normal read ratio = 0.96 by whole-exome sequencing
[WES]) and MYCL amplification (Tier 5A, log, tumor/normal read ratio=1.91 by WES)
were both present. Targeted sequencing (Ambry Genetics) confirmed that the patient
shared the same TP53 mutation (V172F) as his mother. Two previous generations also had
early-onset breast cancer on the mother's side (maternal grandmother and great
grandmother).

To identify further genomic alterations and potential therapeutic targets, we sequenced
and analyzed DNA and RNA isolated from a tumor tissue sample from the left arm, as well as
DNA from patient-matched normal tissue. Tissue for sequencing experiments were provided
postmortem. After filtering for nonsynonymous mutations not identified in the database of
single-nucleotide polymorphisms (Sherry et al. 2001), 109 mutations were found. No somatic
mutations were found in genes commonly mutated in PFN tumors, including TP53, HRAS,
KRAS, NRAS, FGFR4, PIK3CA, NF1, FBXW?7, and BCOR (Stratton et al. 1989; Taylor et al.
2000, 2009; Shern et al. 2014). However, two germline mutations were found in TP53, includ-
ing the same variant found in the patient’s mother (c.514G > T p.Val172Phe) (Table 1), which
is considered likely pathogenic for hereditary cancer-predisposing syndrome (ClinVar ID:
428909). Another missense variant in TP53 (c.215C>G p.Pro72Arg) was found to alter
drug response in several neoplasms but found to not be associated with Li-Fraumeni syn-
drome 1 (ClinVar ID: 12351). TP53 mutations have previously been associated with response
to the majority (six of eight) therapeutic regimens administered to the patient (Table 2). No
somatic mutations were found in genes previously reported to be recurrently mutated in
RMS (Shern et al. 2014); however, germline protein coding mutations were found in
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Table 2. Possible treatment-related genomic features

Protocol/clinical
trial

Therapeutic regimen

Molecular target Genomic features

ARST0531

ARST091

ADVL1515
ADVL1312

ADVL1312

ADVL1312

NCT02162732

NCT02162732

VAC (vincristine, adriamycin,
cyclophosphamide) + alternating
vincristine and irinotecan (VI)

Vinorelbine, cyclophosphamide,

temsirolimus
Prexasertib
MK-1775

Pazopanib

Temozolomide

N/A Cyclophosphamide (TP53: PMID17388661,
PMID16243804, PMID26438783), irinotecan
(TP53, PMID25567130)

mTOR Cyclophosphamide (TP53: PMID17388661,
PMID16243804, PMID26438783)

CHEK1 N/A

WEE"1 TP53: PMID27601554, PMID27196784,

PMID21992793

Tyrosine kinases, TP53: PMID26646755, PMID25669829

VEGF

Alkylating agent TP53: PMID21730979, PMID24248532

Vorinostat HDAC inhibitor TP53: PMID26009011, PMID25669829
(class | and
class 1)
Palbociclib (supplemented with myrrh oil); CDK4/CDKé N/A
weekly thoracentesis inhibitor

FGFR4 (c.28G > A p.Val10lle; c.407C>T p.Pro136Leu) and nonsense mediated decay vari-
ants were found in NF1 (c.37T > C p.Ter13Arg).

In addition to the germline variants found in TP53, a germline disruptive in-frame inser-
tion variant was found in FAM83D (c.345 347dupGGC p.Ala116dup), along with copy-num-
ber gain in FAM83D (log ratio 0.7). Further, FAM83D is overexpressed (23.5-fold, 2.84 TPM
vs. 0.1207 TPM) compared to median expression of the GTEx normal skeletal muscle tissue
cohort (n=2803). The clinical significance of the FAM83D mutation (c.345 347dupGGC
p.Ala116dup) is at present unknown; however, FAM83D overexpression occurs frequently
in hepatocellular carcinoma, ovarian cancer, and metastatic lung adenocarcinomas
(Inamura et al. 2007; Ramakrishna et al. 2010; Liao et al. 2015; Wang et al. 2015) and corre-
lated with significantly decreased overall survival and metastatic relapse-free survival in
breast cancer (Wang et al. 2013). Further, elevated FAM83D was found to correlate with
TP53 mutations and genome instability (Walian et al. 2016).

Other somatic mutations were identified, including KDM2B and HCART1. Both had trun-
cating mutations and copy-number loss (log, ratio < —0.4). Several genes located on
Chromosome 1 were found to be mutated, amplified, and have transcripts per million
(TPM) of >100 or <10 (Fig. 3). Using RNA isolated from the tumor of the left arm, 10 gene
fusions were identified using the STAR-Fusion analysis pipeline, with many fused genes lo-
cated on Chromosome 1 (Fig. 3; Supplemental Table 1). Notably, RNA sequencing data from
the tumor sample procured following recurrence did not identify any of the typical gene fu-
sion events associated with alveolar rhabdomyosarcoma, including PAX3:FOXO1, PAX7:
FOXO1, PAX3:NCOAT1, PAX3:NCOA2, and PAX3:FOXO4. A second gene fusion analysis
pipeline FusionCatcher also did not find evidence to support the presence of the ARMS-as-
sociated gene fusions (Supplemental Table 2). The lack of evidence of PAX3:FOXO1 in the
patient’s tumor at diagnosis (confirmed by FISH analysis) and lack of any evidence to support
any ARMS-associated fusion in the recurrent tumor suggest the patient was unlikely to bear
typical ARMS-associated gene fusions throughout the course of disease.

The presence of clustered fusion events and 10 switches in copy-number status
suggests Chromosome 1 may be chromothripsis-positive with high confidence event on
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Figure 3. Circos plot. A Circos plot was generated using tumor DNA exome, normal DNA exome, and tumor
RNA sequencing data. Exome data was analyzed for somatic point mutation, indel, and copy-number variation
data, as denoted by the innerand middle rings, respectively. Gene expression from RNA sequencing data was
plotted on the outer ring. Genes listed in blue bear germline mutations, whereas genes listed in red bear
somatic mutations.

Chromosome 1 (Bolkestein et al. 2020; Cortés-Ciriano et al. 2020). Notably, the lesions ap-
pear over a small region of the genome, suggesting the clustered variants may be classified
as a kataegis event. FGFR4, CCND2, and IGF2 were found to be the top genes overex-
pressed in PFN RMS cases in a previous study (Shern et al. 2014) and were also found to
be overexpressed (12-fold, 16-fold, and 153-fold overexpression, respectively) in the
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patient’s tumor compared to a panel of normal skeletal muscle tissue samples (n=803) from
the Genotype-Tissue Expression (GTEX) project (Consortium 2013). A complete list of gene
mutations and associated gene expression and copy-number variation data is provided in
Supplemental Table 3 and Supplemental Table 4.

Given the relative rarity of fusion-negative ARMS cases among the RMS clinical milieu, we
investigated genomic similarities between the index case and other clinical RMS samples us-
ing a previously published hierarchical clustering dendrogram approach (Supplemental Fig. 3;
Ricker et al. 2020). Similar to previous findings regarding genomic similarities between ERMS
and fusion-negative ARMS (Williamson et al. 2010), CF-00449 clusters among ERMS samples,
as do the majority of other fusion-negative ARMS samples. Taken together, the histopathology
designation of ARMS by multiple pathologists, the lack of evidence of fusions from FISH anal-
ysis and RNA sequencing analysis, and the genomic similarity to ERMS more so than ARMS
strongly support the diagnosis of CF-00449 as a fusion-negative ARMS.

Functional Analyses

To identify molecular compounds that would inhibit tumor growth, we conducted a chemical
screen consisting of a panel of 60 agents from a clinically relevant drug portfolio on cells
harvested from the patient’s pleural fluid (Table 3; Supplemental Fig. 4). Several drugs
were highly active, including panobinostat (ICso=6 nM, pan HDAC inhibitor), brefeldin
A (ICs0 =21 nM, ATPase inhibitor), CUDC-907 (ICso =99 nM, HDAC1/2/3/10 + PI3Ka inhib-
itor), YM155 (IC50 =9 nM, Survivin inhibitor), INK128 (IC50=5 nM, mTORC1/2), MK-1775
(ICso=79 nM, WEE1), thapsigargin (ICso=9 nM, SERCA), BMS-754807 (ICso=66 nM,
IGF1R + AURK inhibitor), JQ1(ICs0=92 nM, BET (BRD4) inhibitor), and mithramycin A
(ICs0 =89 nM, SP1 inhibitor). TP53 mutations were associated with response in multiple
high and moderate sensitivity agents (Table 4). Chemical screening was performed using
cells isolated pleural effusion fluid while the patient was still alive, and did not influence clin-
ical decision making.

The patient received the nonselective class /1l histone deacetylase (HDAC) inhibitor, vor-
inostat, with limited response. Although HDAC inhibitors panobinostat, CUDC-907, and
entinostat were found to impair growth of tumor cells in vitro, the HDAC inhibitor CUDC-
101 did not demonstrate significant activity in vitro. Panobinostat is a pan-HDAC inhibitor
with activity against all HDAC enzymes, whereas CUDC-907 inhibits class I-lll HDAC
genes plus phosphoinositide 3-kinase a (PI3K- a), and entinostat inhibits classes | and IIl.
Meanwhile, CUDC-101 inhibits class I/Il HDACs as well as epidermal growth factor receptor
(EGFR) and human epidermal growth factor receptor (HER). The discrepancy of response to
tested HDAC inhibitors can potentially be explained by differences in their mechanism of ac-
tion (Li and Seto 2016). These results suggest that inhibition of class | and I HDACs may not
be sufficient for tumor suppression of PFN ARMS and targeting of other HDAC classes may
have a more significant contribution to tumor survival. Further supporting this notion, pan-
obinostat and entinostat were found to have different consequences in PAX3:FOXO1
ARMS (Bharathy et al. 2018).

The WEET inhibitor, MK-1775, which had high potency in vitro (ICso =79 nM), was ad-
ministered to the patient under trial ADVL1312 and did not prevent progression.
Prexasertib (LY2606368) was also used to treat the patient under trial ADVL1515 but did
not suppress the patient’s tumor growth, consistent with the limited in vitro activity of prexa-
sertib (ICso > 10 pM).

Clinically, temsirolimus (mTOR inhibitor) in combination with vinorelbine and cyclophos-
phamide resulted in stable disease with potential tumor growth. INK128 (mTORC1/
mTORC?2 inhibitor) and BKM120 (ICso =198 nM, mTOR and PI3K inhibitor) both had high
activity in tumor cells, whereas sirolimus (also an mTOR inhibitor) did not have activity in
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Fusion-negative alveolar rhabdomyosarcoma

Table 4. Drug activity genomic-related features

Genomic-related

Drug Inhibitor features
High activity Panobinostat pan HDAC N/A

Brefeldin A ATPase N/A

CUDC-907 HDAC 1,2,3,10, PI3Ka N/A

YM155 Survivin inhibitor N/A

INK128 mTORC1/2 N/A

MK-1775 WEE1 TP53: PMID27601554,
PMID27196784,
PMID21992793

Thapsigargin SERCA N/A

BMS-754807 IGF1R, AURK IGF2: PMID19996272

JQ1 BET (BRD4) N/A

Mithramycin A SP1 N/A

Moderate activity GSK126 EZH2 N/A

CUDC-305 HSP90 N/A

AZD5363 AKT1-3 TP53: PMID24694055,
PMID17145876,
PMID17455259

ABT-263 BCL-2, BCL-XL, BCL-W TP53: PMID24694055

[-BET-762 (BET) BRD1-4 N/A

Dinaciclib CDKs N/A

Entinostat HDAC 1,3 N/A

Crizotinib c-MET, ALK TP53: PMID24694055

BKM120 PI3K, mTOR N/A

SGI-1776 PIM 1/2/3 kinase N/A

Volasertib PLK 1/2/3 N/A

UNC0642 G9a/GLP N/A

prima‘ TP53 N/A

AZD 8931 EGFR, HER 2/3 N/A

JiB4 JMJD N/A

tumor cells in vitro. BKM120 activity suggests that tumor growth and progression may be de-
pendent on multiple pathways in PFN ARMS.

Additionally, agents associated with alteration of TP53 expression also demonstrated in
vitro efficacy, including prima-1 (ICso = 135 nM) and CUDC-305 (ICs¢ = 137 nM, HSP?0 inhib-
itor). Previous studies have found that prima-1 reactivates TP53, which induces high levels of
apoptosis, and has demonstrated tumor reduction with no apparent toxicity in p53 mutant
tumor xenografts in SCID mice (Bykov et al. 2002). Despite efforts in elucidating the mech-
anism of TP53 reactivation by prima-1, the mechanism remains largely unknown. Several fac-
tors, including hypoxic conditions and proteins present within and surrounding the cell, can
affect the sensitivity of cancer cells to prima-1 (Rieber and Strasberg-Rieber 2012; Peng et al.
2013). Similarly, TP53 expression can be altered by HSP90 inhibitors (such as CUDC-305) and
thus could potentially be beneficial for TP53 mutant patients (Lin et al. 2008).

DISCUSSION

In this study, we have presented a case of an 11-yr-old male with fusion negative ARMS bear-
ing germline TP53 mutations, one of which (c.514G > T, p.Val172Phe) is a hereditary muta-
tion likely predisposing to LFS. The index case patient presented with a tender left upperarm
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mass and no injury was initially noted. Tissue injury is widely reported to be a preceding fac-
tor in sarcoma development, with ~13% of patients with accidental injury to the extremities
atrisk of developing sarcoma (Olsson and Wagner 2017), likely as a result of activation of sat-
ellite cells to generate muscle precursor cells to repair the skeletal muscle (Shadrach and
Wagers 2011). We suspect that the prior supracondylar fracture of the distal humerus was
a preceding factor that potentially promoted sarcoma development in conjunction with
germline TP53 mutations.

Our genomic findings were consistent with previous genetic findings on PFN ARMS cas-
es, including overexpression of FGFR4, CCND2, and IGF2 and significantly higher rates
of nonsynonymous somatic mutations than the PAX-gene fusion positive tumors (PFP)
(17.8 vs. 6.4, P=0.0002) (Shern et al. 2014). Whole-exome sequencing identified 109 non-
synonymous mutations for this case (~3.6 mutations/MB), most consistent with a PFN geno-
type diagnosed at a later age. No somatic mutations in genes commonly mutated in PFN
tumors were found in this case, including TP53, HRAS, KRAS, NRAS, FGFR4, PIK3CA,
NF1, FBXW7, and BCOR (Stratton et al. 1989; Taylor et al. 2000, 2009; Shern et al. 2014).
However, missense mutations were found in both TP53 and FGFR4 in the germline, as
well as a nonsense-mediated decay mutation in NF1.

The biological significance of the FGFR4 germline variants and their contribution to sar-
coma initiation, growth, and progression are largely unknown. Several previous studies have
focused on the role of FGFR4 in RMS as a regulator of myogenic differentiation and muscle
regeneration after injury. Somatic mutations in FGFR4 have been shown to contribute to the
growth and metastasis of RMS, higher expression of FGFR4 correlates with poor survival, and
FGFR4 suppresses phospho-Akt in RMS (Taylor et al. 2009). Germline variants in FGFR4 may
play a similar role in promoting the invasion and metastasis of RMS.

The index case patient was treated with several targeted therapies, including temsiroli-
mus (MTOR inhibitor), prexasertib (CHEK1 inhibitor), MKO1775 (WEE1 inhibitor), pazopanib
(multikinase inhibitor specific for VEGFR, PDGFR, c-KIT and FGFR), vorinostat (HDAC inhib-
itor), and palbociclib (CDK4/6 inhibitor). Functional testing of same or similar agents resulted
in mixed concordance between in vitro response and clinical response. Patient tumor cells
were highly sensitive to MK-1775, whereas clinical use resulted in continued disease pro-
gression. Efficacy of WEE1 inhibition may have differed from the cells that were harvested
from intrapleural fluid because of host factors (e.g., drug metabolism) (HogenEsch and
Nikitin 2012). HDAC inhibitor vorinostat was also provided to the patient with limited re-
sponse, although multiple HDAC inhibitors (panobinostat, CUDC-907, and entinostat)
were sensitive in vitro, whereas one HDAC inhibitor (CUDC-101) was not sensitive in vitro.
CHEKT1 inhibitor prexasertib was also used to treat the patient but did not suppress the pa-
tient’s tumor growth, reflecting in vitro response of prexasertib. mTOR inhibitor temsirolimus
(MTOR inhibitor) plus vinorelbine and cyclophosphamide stabilized the patient’s disease.
Two mTOR-associated agents (INK128 and BKM120) caused reduction in cell viability in vi-
tro, whereas one mTOR agent (sirolimus) had limited in vitro efficacy.

TP53interacting agents (prima-1 directly and CUDC-305 operating through HSP90) were
also promising in vitro. Treatment with prima-1 refolds TP53 in mutated cells into the wild-
type conformation and restores sequence-specific DNA binding (Zhang et al. 2018). Other
therapies that restore TP53 function, such as reactivating p53 and inducing tumor apoptosis
(RITA), may merit investigation for PFN ARMS. Additionally, repression of TP53 is thought to
be controlled by the TP53-p21-DREAM-E2F/CHR pathway, which regulates FAM83D
(Engeland 2018). Future studies should aim to further understand how germline variants in
FAM83D coupled with TP53 germline mutations contribute to sarcoma initiation, growth,
and progression. Understanding the biological and clinical significance of FAM83D could
have predictive and prognostic implications across several cancer types and may be relevant
for the index case patient, given FAM83D aberrations present in patient’s germline.
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In summary, we have reported a PFN ARMS case with an inherited likely pathogenic
germline TP53 mutation. The patient was resistant to several targeted therapies, demon-
strating a need for improving our understanding of the etiology and pathogenesis of PFN
ARMS and discovering effective therapeutic approaches with limited treatment-related tox-
icities. In this case study, several novel mutations were reported and potential therapeutic
interventions were identified for further study to motivate preclinical and clinical studies
that aim to improve survival for fusion-negative RMS.

METHODS

Primary Cell Culture

Approximately 2 L of pleural fluid was collected from a chest drain catheter and immediately
chilled on ice. Twenty-four hours after initial collection, the fluid was transferred to 50-mL
conical vials and centrifuged at 1200 rpm for 10 min. Resulting cell pellets were broken
up with Gibco RPMI 1640 media and checked for viability with 0.4% trypan blue stain,
then counted on a Life Technologies Countess Il cell counter. Three million viable cells
were used for immediate drug screening. Remaining cells were added to 15-cm tissue cul-
ture plates containing Gibco RPMI 1640 media supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin. The plates were placed in a water-jacketed 37°C incubator
with 5% CO,. After 72 h, the media was changed and the remaining cellular debris was re-
moved. The semiadherent cell culture continued to expand for a minimum of 18 passages.
Every two to five passages, stocks were collected in cryovials containing an FBS/10% DMSO
cryopreservation media and then slow cooled and stored in liquid nitrogen for future use.

Drug Screen

Cells from culture were counted, resuspended in media, and plated into white-walled 384-
well plates containing prediluted known concentrations of various drugs. After 72 h, an equal
volume of Cell-Titer Glo 2.0 (G9243, Promega) was added to each well. The cells were then
incubated at room temperature while rocking in the dark for 15 min. Cell viability was mea-
sured by luminescence with the BioTek Synergy HT plate reader (BioTek). ECsg values were
calculated using GraphPad Prism.

Whole-Exome Sequencing

Tumor and matched normal exome sequencing data were analyzed for the presence of
somatic point mutation, somatic functional and structural mutations, potential germline mu-
tations, polynucleotide insertions and deletions, and gene copy-number variation. Somatic
mutations, variations, and indels were called using Genome Analysis Toolkit (GATK) Version
4.0 with strict calling criterion (Tumor logarithm, of odd [TLOD] scores above 6.3) with the
GRCh38 human reference genome. Gene copy-number variations were identified using
SAMtools and VarScan2 quantified as a log ratio of tumor copy to normal copy. Regions
with a log ratio > 0.40 were called as gained, regions with a log ratio < —0.40 were called
as lost. Genes overlapping gained or lost regions by at least 15% of the gene’s genomic re-
gion were called as gained or lost, respectively. Sequencing coverage is provided in
Supplemental Table 5.

RNA Sequencing

RNA sequencing data was analyzed for gene expression and gene fusion events.
Transcriptome data was aligned to STAR-derived human transcriptome from GRCh38 human
reference genome. Normalized gene expression was quantified using RSEM. Nontumor
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gene expression data was not provided, thus region-specific, skeletal muscle tissue, gene
expression data was accessed from the GTEx project to serve as a population normal and
to identify under expressed and overexpressed genes. Gene fusion events were identified
using STAR-Fusion (Haas et al. 2019) and FusionCatcher (Nicorici et al. 2014) to identify tran-
scriptome reads around the junction of fused genes and identify probable gene fusion
events. Both fusion analyses were also performed using the GRCh38 human reference ge-
nome. Sequencing coverage is provided in Supplemental Table 5.

Hierarchical Clustering

The hierarchical clustering analysis approach was published previously (Ricker et al. 2020).
Briefly, CF-00449 sequencing data was clustered among a cohort of RMS samples collected
from multiple sources. Unsupervised hierarchical clustering was performed using average-
linkage clustering and Euclidean distance metric. Hierarchical clustering analysis was per-
formed in RStudio Version 3.6.2.

Circos Plots

Circos plots to visualize the collection of genomics and transcriptomics data were generated
using tumor DNA exome, normal DNA exome, and tumor RNA sequencing data. Genes are
identified as bearing variants, having increased gene copy-number, and being overex-
pressed. Also identified in blue are genes involved in identified gene fusion events, and
genes identified as being of interest because of overarching genetic and transcriptomic fea-
tures in the tumor samples. (See Fig. 3.)

ADDITIONAL INFORMATION

Data Deposition and Access

All raw data was deposited to our CuReFAST database. DNA and RNA sequencing data
from the patient’s sample are available through the European Genome-Phenome Archive
(EGA) under accession ID EGAS00001004828. For hierarchical clustering analysis, data
from the Gene Expression Omnibus (GSM758578, GSE138269, GSM984615), EGA
(EGAS00001003981), and dbGaP (accession number phs001121.v1.p1) were used.
Champions Oncology data were received from the Champions TumorGraft database.
Genomics data from PDX models from The Jackson Laboratory are available through the
Mouse Tumor Biology Database (http:/tumor.informatics.jax.org/mtbwi/pdxSearch.do).

Ethics Statement

The genetic studies and publication of clinical details was approved by the Children’s Cancer
Therapy Development Institute Institutional Review Board (IRB) and with full written in-
formed consent obtained from parents of the proband.
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